Summary: When studying biological membranes, Molecular Dynamics (MD) simulations reveal to be quite complementary to experimental techniques. Because the simulated systems keep increasing both in size and complexity, the analysis of MD trajectories need to be computationally efficient while being robust enough to perform analysis on membranes that may be curved or deformed due to their size and/or protein-lipid interactions. This work presents a new software named FATSLiM ('Fast Analysis Toolbox for Simulations of Lipid Membranes') that can extract physical properties from MD simulations of membranes (with or without interacting proteins). Because it relies on the calculation of local normals, FATSLiM does not depend of the bilayer morphology and thus can handle with the same accuracy vesicles for instance. Thanks to an efficiency-driven development, it is also fast and consumes a rather low amount of memory. Availability and Implementation: FATSLiM (http://fatslim.github.io) is a stand-alone software written in Python. Source code is released under the GNU GPLv3 and is freely available at https:// github.com/FATSLiM/fatslim. A complete online documentation including instructions for platform-independent installation is available at http://pythonhosted.org/fatslim.
Introduction
Molecular Dynamics (MD) simulations of lipid membranes constitute a rather useful approach to investigate lipid dynamics or lipid/ protein interactions (Stansfeld and Sansom, 2011) . Thanks both to the always-increasing computing power and the development of methods such as coarse-grained models (Marrink et al., 2007; Arnarez et al., 2015) , the size of simulated systems have been consequently increased and it is now quite common to perform a MD simulation involving a bilayer made of several hundreds to thousands of lipids. Because the ultimate goal of MD simulations is to mimic what can be observed in vivo, it is vital to compare them with experimental data. For that matter, membrane thickness and area per lipid are two of the physical parameters that are widely used to validate or compare MD simulations of lipids (Piggot et al., 2012) . Analytical tools have thus been developed to ease the extraction of those two membrane properties (Lukat et al., 2013; Allen et al., 2009; Guix a-Gonz alez et al., 2014) .
It is important to note that the vast majority of available tools dedicated the analysis of MD simulations of lipid membranes are based on the assumption that the bilayer is planar and that its normal is collinear with the Z-axis of the simulation box. This common feature is pretty understandable as (i) it simplifies the calculation of the properties that depend on the normal orientation and (ii) the assumption is pretty safe for small bilayers. Unfortunately, for large systems, it becomes a limitation as the bilayer tends to wobble leading to oscillations of the normal that, locally, is not collinear with the Z-axis anymore. For systems like vesicles (Chavent et al., 2014) , one simply cannot rely on a global normal.
Here is presented FATSLiM (acronym for 'Fast Analysis Toolbox for Simulation of Lipid Membranes'), a new software to 
Implementation and usage
FATSLiM is written in Python with the NumPy library as the sole dependency. It is then intrinsically multi-platform as the two requirements (Python and a C compiler) are available on a wide range of operating systems. Additionally, it can benefit from a compiler that supports OpenMP as analysis routines are parallelized thanks to this API. Once installed, FATSLiM can be called using the command fatslim followed by a sub-command (e.g. fatslim thickness). All subsequent options (e.g. cut-off distances for neighbor searches) or parameters can be ignored if identical to default values.
FATSLiM is designed to work with GROMACS files and need three files:
1. a configuration file (.gro format) for residue/atom identification. 2. a trajectory file (.gro, .xtc or .trr format-can also be the configuration file) to retrieve atom coordinates. 3. an index file (.ndx) containing user-selected atoms that FATSLiM uses to define lipid head group atoms and protein/ interacting atoms.
Features
For each MD trajectory frame, FATSLiM first estimates the normals for every lipids by doing a Principal Component Analysis (PCA) of the point cloud made by each lipid and its K neighbors (Hoppe et al., 1992) . Once the normals are estimated, the membrane surface can be approximated, for each lipid, by a plane P perpendicular to the estimated normal and that contains the lipid head group (e.g. phosphorus).
Identification of leaflets
Leaflet identification is done intuitively: to be considered as part of the same leaflet, two lipids must (i) be close and (ii) their respective normals must be roughly oriented toward the same direction. Identified leaflet can be saved to a .ndx index file to ease further analysis.
Bilayer thickness
Thickness calculation is done for each lipid by searching the neighbors that belongs to the other leaflet. Local thickness is then estimated by averaging the distances between the reference lipid and its neighbors (see Supplementary Information for details) .
Thickness values can be saved to .csv files (one per frame) for further processing and average values along the trajectory can saved to a .xvg file for direct plotting.
Area per lipid and membrane area
The area per lipid (APL) is estimated by calculating local Voronoi cells (see Supplementary Information for details) and the APL is deduced from the area of each cell. The sum of all these APL (optionally groupable by lipid type) is used as an estimation of the leaflet area.
As for the thickness calculation, the APL and area values can be saved to .csv files (one per frame) and/or to .xvg files.
Accuracy and performance
Leaflet identification done by FATSLiM has been successfully tested on different cases from flat membrane to multi-vesicle system (see Suppl. Fig. S1 for examples). Thickness and APL/membrane calculations have also been tested and compared to three existing tools: APL@Voro (Lukat et al., 2013) , MEMBPLUGIN (Guix a-Gonz alez et al., 2014) and GridMAT-MD (Allen et al., 2009) . Test protocol and results are available in Supplementary Information. All the softwares are in broad agreement when dealing with flat membranes, no matter the presence of proteins. Yet, when it comes to vesicles, only FATSLiM is able to perform analysis of such deformed bilayers.
Computational efficiency was also tested and revealed that only APL@Voro and FATSLiM scale linearly with the number of lipids (see Suppl. Fig. S4 ). In terms of execution time, both softwares perform well with FATSLiM being always roughly twice as fast, though. The actual (and major) difference between the two consists in the memory consumption: APL@Voro may need several gigabytes of RAM where FATSLiM rarely need more than 100 megabytes (see Suppl. Fig. S5 ).
Conclusion
As opposed to existing tools, FATSLiM relies on the calculation of normals to infer the bilayer topology. Without losing accuracy when performing analysis of flat membranes, this approach makes FATSLiM the first tool available to extract thickness, membrane area or APL from a MD simulations of distorted bilayers or vesicles. In addition to being more robust, it is also very efficient in terms of both execution speed and memory consumption. FATSLiM is thus well adapted to address the issues that tend to emerge when analyzing MD simulations of big membranes or that involve membraneactive peptides or curvature-inducing proteins.
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